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A B S T R A C T

The synoptic monthly gridded (SMG) world ocean database (WOD) were constructed with 1°× 1° horizontal
resolution and 28 standard vertical levels from the surface to 3000m deep using the optimal spectral decom-
position technique. Monthly acceleration potential (AP) relative to 1000-dbar is calculated for the isopycnal
surface 26.4 kgm−3 from January 1960 to December 2014 to investigate the spatial and temporal variability of
the California Current. A composite analysis was conducted to obtain the total-time mean AP field and the
climatological monthly mean AP variability, which is two orders of magnitude smaller than the total-time mean.
Residual data were used to examine interannual variations of the AP field. An empirical orthogonal function
(EOF) analysis was conducted to analyze the AP anomaly data. The EOF-1 (40% variance) represents
strengthening/weakening of the North Pacific Gyre and California Current. EOF-2 (20% variance) represents
onshore/offshore geostrophic flow. The first principal component was negatively correlated with the PDO; the
second principal component was negatively correlated with both the PDO and ENSO, which implied that the AP
anomaly contains climate variability signals.

1. Introduction

The California Current System (CCS) has two major characteristics.
First, the California Current (CC) transports subpolar waters southward,
cooling and freshening coastal waters. Second, prevailing northwesterly
winds associated with the North Pacific High (Taylor et al., 2008) cause
extensive upwelling of colder, saline sub-surface waters at the coast
through Ekman pumping and offshore transport. The upwelling further
cools coastal waters.

The CCS has been studied extensively from many hydrographic
surveys in the region from the equator to 55°N and from the west coast
of North America to 165°W. Major experiments and surveys include the
California Cooperative Oceanic Fisheries Investigations (CalCOFI) (e.g.
Reid et al., 1958; Wyllie, 1966; Hickey, 1979; Chelton, 1984; Lynn and
Simpson, 1987; Collins et al., 1996), the Coastal Ocean Dynamics Ex-
periment (CODE) (e.g. Kosro, 1987), the Coastal Transition Zone (CTZ)
Experiment (e.g. Paduan and Niiler, 1990; Brink and Cowles, 1991;
Kosro et al., 1991), R/V Point Sur and World Ocean Circulation Ex-
periment (WOCE) cruises (e.g. Castro et al., 2001), Argo and other in-
dividual surveys (e.g. Kosro and Huyer, 1986; Steger et al., 1998;
Collins et al., 2000). A common practice is to calculate geostrophic
velocity relative to a certain reference level (e.g. 1000-dbar by Castro
et al., 2001) from observational temperature and salinity profiles to

represent the CCS. Temporal and spatial variability of the CCS has been
identified from the geostrophic currents for the area and time period
that the (T, S) data were collected.

The CCS is influenced by the tropical Pacific climate systems. The
two most energetic climate modes of interannual variability in the
Equatorial Pacific Ocean are the canonical El Niño and pseudo-El Niño
(or sometimes called central Pacific El Niño, or El Niño Modoki). The
canonical El Niño event is characterized by weakening of trade winds
and in turn warming in the eastern Pacific. The pseudo-El Niño is
characterized by warming in the central equatorial Pacific and cooling
in the eastern and western equatorial Pacific (Ashok et al., 2007; Weng
et al., 2007).

Effects of canonical El Niño events on the CCS have been in-
vestigated by numerous studies especially after the strong 1997–1998
El Niño event. Two main mechanisms have been recognized: (1) at-
mospheric forcing through weakening of the upwelling favorable
northwesterly winds; and (2) oceanic forcing through poleward pro-
pagating thermocline depth disturbances from the equatorial Pacific by
coastally-trapped Kelvin waves (see, for example, Jacox et al., 2016).
While different in nature and unknown in their relative contributions,
both forcing mechanisms result in warming of upper layers, reducing
biological productivity, and formation of nutrient depleted waters.
However, the effects of pseudo-El Niño on the CCS have not been
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investigated.
This paper uses a synoptic monthly gridded (1° × 1°) world ocean

database (SMG-WOD) for January 1960 to December 2014 (Chu and
Fan, 2016) for the area [165°W–105°W, 5°−55°N] to investigate long-
term spatial and temporal variability focusing on the CCS in the Eastern
North Pacific. The California Undercurrent is not well resolved by the
1°× 1° grid and is therefore not discussed. The paper is organized as
follows: Section 2 describes data and methods; Section 3 shows the
results and discusses mean patterns, as well as temporal and spatial
variability of AP anomaly and its connection to the climate variability.;
and Section 4 presents conclusions.

2. Data and methods

2.1. SMG-WOD database

The NOAA National Oceanographic Data Center (NODC), now a
part of the National Centers for Environmental Information (NCEI),
collects available ocean profile data into the World Ocean Database
(WOD) (see the website: https://www.nodc.noaa.gov/OC5/WOD/pr_
wod.html), which has been widely used to create climatological and
regional oceanographic products (Boyer et al., 2013). Recently, the
optimal spectral decomposition (OSD) method (Chu et al., 2003a,
2003b, 2004, 2015, 2016) (see Appendix A), developed at the Naval
Postgraduate School, was used to create SMG-WOD with 28 vertical
levels, which coincide with those of the World Ocean Atlas (WOA09),
from January 1945 to December 2014 (Chu and Fan, 2017). The SMG-
WOD database is stored at NCEI for public use (see website: http://data.
nodc.noaa.gov/cgi-bin/iso?id=gov.noaa.nodc:0140938). The data
used to construct the SMG-WOD dataset are mostly from CTDs, XBTs,
and profiling floats. The number of observations and spatial coverage
varied significantly from year to year (Fig. 1). This created a challenge
when creating synoptic monthly fields, especially for salinity. To
minimize a possible bias caused by the uneven time-space distribution
of raw data, only the data for 1960–2014 were used in this paper.

2.2. Error estimation

The OSD analysis error is the combination of the spectral error ε r( )K n

and observational error ε r( )o n [see (A3) in Appendix A]. The observa-
tional error is usually the summation of human and instrumentation
errors. The WOD and GTSPP profile data have been quality controlled
to minimize the human error. Thus, the observational error ε r( )o n can be
treated as instrumentation error, which is much smaller than the
spectral error ε r( )K n [see (A3) and (A4)]

∑≈ = − ≡
=

ε ε s D s a ϕr r r r r r( ) ( ) ( ) ( ), ( ) ( )a n K n K n n K n
k
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k k n
1 (1)

where D(rn) is the observational innovation (at the grid points) de-
pending only on the location of the observation [see (A5)]; ϕ r( )k n and ak
(k=1, 2, …, K) are basis functions and spectral coefficients. The basis
functions ϕ r( )k n are the eigenfunctions of the Laplacian operator, which
are determined by the ocean topography. The spectral coefficients (ak)
are calculated from the observational data by solving the linear alge-
braic Eq. (A7).

The analysis error of the SMG-WOD dataset is calculated for tem-
perature and salinity at each time instance (i.e. monthly) and grid
point. The root-mean square (RMS) errors of temperature and salinity
(1960–2014) are computed for the three depths (0 m, 100m, 500m)
and six zones of the CCS domain and (Fig. 2). The RMS error of tem-
perature at all depths is less than 0.14 °C south of 30°N and does not
exceed 0.24 °C north of 30°N. On the other hand, the RMS error of
salinity is larger than 0.03 psu south of 30°N and does not exceed 0.03
psu north of 30°N. The different error distributions for temperature and
salinity needs further investigation.

2.3. Acceleration potential

The SMG-WOD temperature and salinity gridded fields were used to
calculate the monthly varying acceleration potential (AP), ψ, which is
used to represent geostrophic flow on isentropic surfaces (Montgomery,
1937, cited by De Szoeke, 2000):
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is the specific volume anomaly at pressure p with δ0 being its value at
the reference pressure (p0). The isopycnal surface =σ 26.4θ kg/m3 and

=p dbar10000 were chosen to represent the intermediate circulation in
the CCS region. This isopycnal surface corresponds to the upper
boundary of the North Pacific Intermediate Water (NPIW) [for example,
You (2003) used the 26.5 kgm−3 neutral surface to approximate the
layer above of the NPIW core], and is suitable to investigate the spatial
distribution of the upper NPIW formed in the subarctic North Pacific
(Yamanaka et al., 1998).

Due to the horizontal resolution of the SMG-WOD data (1° × 1°),
the California Undercurrent and inshore Countercurrent are not well
resolved by the calculated AP field. Note that we have also excluded the
equatorial region, where the geostrophic approximation does not work
well. The area to the north of 55°N has also been excluded because the
isopycnal surface of 26.4 kgm−3 is shallow enough to outcrop in the
northernmost regions.

2.4. Composite and EOF analyses

The composite analysis (Chu et al., 1997, 1998) decomposes a 4D
variable ψ τ tr( , , )i k l into seasonal and non-seasonal components. Here,
the vectors ri represent locations on the 2D grid, i=1, 2, …, I, where I
is the total number of the grid points; τk =1960, 1961 …, 2014 is the
time sequence in years; and tl =1, 2, …, 12 is the monthly sequence
within a year. The climatological monthly means, ψ tr( , )i l , are calcu-
lated as multi-year averages of ψ τ tr( , , )i k l :
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The climatological annual mean, ψ r( )i , which is calculated as a
total-time average of ψ τ tr( , , )i k l :
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The climatological monthly anomalies,
∼ψ tr( , )i l , are calculated as

deviations of climatological monthly means from the annual mean, and
characterize the intra-annual variations of ψ τ tr( , , )i k l :

= −∼ψ t ψ t ψr r r( , ) ( , ) ( ),i l i l i (5)

The synoptic monthly anomalies, ψ τ trˆ ( , , )i k l , are calculated as de-
viations of synoptic monthly values from the climatological monthly
means, and characterize the inter-annual (non-seasonal) variations of
ψ τ tr( , , )i k l :

= − ≡ − +∼ψ τ t ψ τ t ψ t ψ τ t ψ t ψr r r r r rˆ ( , , ) ( , , ) ( , ) ( , , ) [ ( , ) ( )]i k l i k l i l i k l i l i

(6)

The synoptic monthly anomalies ψ τ trˆ ( , , )i k l , were re-arranged into
an I×P matrix, ψ trˆ ( , )͠i p , p=1, 2, …, P, i=1, 2, …, I. Here P=660 is
the total number of months; I= 3188 is the total number of grid points
where the acceleration potential is defined. Empirical orthogonal
function (EOF) analysis (Lorenz, 1956) of acceleration potential
anomaly data was used to analyze the non-seasonal variability of the
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intermediate circulation in the northeastern Pacific Ocean

∑=ψ t PC t Er rˆ ( , ) ( ) ( ),͠ ͠i p
j

j p j i
(7)

where Ej(ri) is the jth EOF mode (unit: J/kg); and PC t( )͠j p is the jth
principal component (no unit) varying from − 1–1. Statistical analysis
was used to connect the temporal evolution of the principal component
to known modes of climatological variability.

Fig. 1. Temporal (upper panels) and spatial (middle and lower panels) coverage for the SMG-WOD temperature (left-side panels) and salinity (right-side panels). The
time-period is 1990–1999 for the middle panels and 2000–2009 for the lower panels.
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2.5. Climatological indices

Five climatological indices characterize climatological variability in
the Northeast Pacific: Multivariate El Niño and Southern Oscillation
Index (MEI), El Niño Modoki index (EMI), Southern Oscillation Index
(SOI), Pacific Decadal Oscillation (PDO) index, and North Pacific Gyre
Oscillation (NPGO) index. The time series of these indices for
1960–2014 are shown in Fig. 3.

The MEI (Fig. 3a) is a bi-monthly index calculated from six variables
observed over the tropical Pacific: sea-level pressure, zonal and mer-
idional components of the surface wind, sea surface temperature,

surface air temperature, and total cloudiness fraction of the sky (Wolter
and Timlin, 2011). It is defined as the first un-rotated Principal Com-
ponent (PC) of all six observed fields combined through normalizing the
total variance of each field first, and then performing the extraction of
the first PC on the co-variance matrix of the combined fields (see http://
www.esrl.noaa.gov/psd/enso/mei/ for detailed information). MEI was
chosen for the present research because it is a composite indicator of
ENSO for both atmosphere and ocean.

The EMI (Fig. 3b) represents the pseudo-El Niño (see http://www.
jamstec.go.jp/frcgc/research/d1/iod/e/elnmodoki/about_elnm.html),

Fig. 2. Root Mean Square Error for temperature (left-side panels) and salinity (right-side panels) for latitudinal bands at three depths.
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= − −EMI [SSTA] 0.5*[SSTA] 0.5*[SSTA] ,A B C (8)

where the brackets represent the area-averaged sea surface temperature
(SST) anomalies over the regions A (165°E–140°W, 10°S–10°N), B
(110–70°W, 15°S–5°N), and C (125–145°E, 10°S–20°N), respectively

(Ashok et al., 2007). Fig. 3b shows the time series of EMI. While similar
to the canonical El Niño, pseudo El Niño events are characterized by
warm SST anomalies in the central rather than eastern Pacific. Pseudo
El Niño events are known to have strong remote signatures in the
Northeast Pacific Ocean (including the CCS) which differ from those

Fig. 3. Time series of (left column, top to bottom) Multivariate ENSO Index (MEI), El Niño Modoki index (EMI), Southern Oscillation Index (SOI); (right column, top
to bottom) Pacific Decadal Oscillation (PDO) index, and North Pacific Gyre Oscillation (NPGO) index.

Fig. 4. Climatological annual mean of the acceleration potential (ψ , unit: J kg−1) to represent the geostrophic flow on the 26.4 kgm−3 isopycnal surface referenced
to the 1000-dbar level (left) and corresponding pressure field in dbar (right). The contour interval is 0.2 J kg-1 for acceleration potential and 50 dbar for pressure.
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associated with the canonical El Niño (Weng et al., 2007).
The PDO is the first leading mode of the decadal variability in the

North Pacific, and is calculated as the coefficients of the first EOF of
monthly SST anomalies for latitudes> 20°N (https://www.ncdc.noaa.
gov/teleconnections/pdo/; Zhang et al., 1997). Spatial patterns of cold
and warm PDO phases are similar to those of ENSO but have an inter-
decadal period of approximately 10 years. Both PDO and El Niño are
evident during winter seasons with increasing SST and precipitation
due to the predominant southwesterly winds that create downwelling
to reduce chlorophyll-a concentration at the coast in the CCS. The
NPGO is the second leading mode of the decadal variability in the North
Pacific (uncorrelated to PDO), and is calculated as the coefficients of
the second EOF mode of the sea surface heights (SSH) anomalies
(http://www.o3d.org/npgo/). Both decadal modes (NPGO and PDO)
involve change of northwesterly winds. Increase in northwesterly winds
enhances coastal upwelling and in turn increases Chl-a concentrations
in the CCS. However, the NPGO is most pronounced in the sea surface
salinity (SSS) while PDO is in the SST. The two modes are somewhat
separated spatially in the CCS with PDO (NPGO) being more important
northward (southward) of the 38°N latitude.

2.6. Correlation and time-frequency analysis

Preliminary analysis of the spectral content of the interannual/
decadal variability of the AP monthly anomaly (ψ̂) revealed a non-
stationary signal at annual and shorter time scales. This near-annual

variability was synchronized approximately with most energetic 3–8
years components of the analyzed PCs. We hypothesize that the varia-
bility at the intra-annual scales is locked in phase with strong canonical
El Niño events, which are known to begin in December and to last
through the winter (for an extensive discussion see Neelin et al., 2000).
To remove the intra-annual variability from the analyzed signals, we
have filtered the first two PCs by applying the Daubechies 8-tap wavelet
decomposition similar to the Mallat's approach (Mallat, 1989) and re-
taining five low-frequency components of each PC. We then applied the
Morlet wavelet transformation (Torrence and Compo, 1998) to the fil-
tered PCs to analyze the interannual/decadal variability of the AP
monthly anomaly (ψ̂). Although general wavelet methods have cap-
ability to analyze aperiodic signals, the Morlet wavelet has better re-
solution of narrowband signals and more straightforward interpretation
of the frequency content, as compared to other types of wavelet kernels
(see for example Ladd and Wilson, 1993).

The PCs of two leading EOFs of the AP monthly anomaly (ψ̂) are
correlated to the five indices of climate variability with p-values cal-
culated at the 95% significance level. Since the correlated variables are
presented by sequential time-series as opposed to random sampling,
neighboring values are expected to be related within a time-period
specified by the data. The approach of Sciremammanois (1979) was
applied to calculate the degrees of freedom for the statistical estimates
from the integral time scales. The degrees of freedom for the analyzed
time-series with 660 months were estimated to be about 270–300 for
different variables and climatological indices.

Fig. 5. Standardized climatological monthly mean anomaly of the acceleration potential on the 26.4 kgm−3 isopycnal surface referenced to the 1000-dbar level in
January, April, July, and October. Red (blue) contours represent positive (negative) isosteres. Thick black contours are zero-values and the contour interval is 0.1.
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3. Results and discussion

3.1. Spatial-temporal variability of the acceleration potential

Fig. 4 shows the climatological annual mean AP field (ψ r( )i (in
J kg−1) (left panel) and the pressure (in dbar) (right panel). The cli-
matological maximum (minimum) values of AP was ~13.5 J kg−1

(~9.3 J kg−1). The corresponding geostrophic velocities were
~3.5 cm s−1 in the region of the North Equatorial Countercurrent
(NECC), and ~2.5 cm s−1 in the North Pacific Current. The climatolo-
gical annual circulation at the intermediate level agrees well with
earlier studies, see for example the large scale AP field at a deeper
isopycnal surface of 26.9 kgm−3, derived by Castro et al. (2001) using
the (T, S) profile data from oceanographic cruises between 1970 and
1994. The circulation is characterized by three-gyres: cyclonic subpolar
(Alaska) gyre (north of 43°N), anticyclonic subtropical (North Pacific)
gyre (12°N–43°N), and a weak cyclonic circulation in the tropical Pa-
cific (5°−10°N). (As noted above, the cyclonic circulation along the
West Coast of the U.S. is not resolved.) The northern and southern zonal
branches of the anticyclonic North Pacific Gyre transport waters with

very characteristic and different signatures. The subarctic Pacific Water
that feeds the CC from the north is characterized by low salinity, high
oxygen, and high silicate. The water near the southeastern tip of the
gyre (near 120°W, 20°N) from the CC is characterized by high salinity,
low oxygen, and low silicate (Castro et al., 2001). The anticyclonic
Tropical North Pacific Gyre transports southern waters to south of Baja
California (Collins et al., 2000; Pierce et al., 2001).

The climatological monthly AP anomaly ∼ψ tr( , )i l in January, April,
July, and October (not shown) represent the mean seasonal variability
with patchiness, maximum absolute values of ~0.1 J kg−1 in the tro-
pical and northern regions, and were more than an order of magnitude
smaller than the climatological annual mean ψ r( )i . Larger seasonal
variability and small-scale patchiness coincide in the tropical region
(south of 12°N). This is characteristic of the late spring to early winter
development of the NECC, which responds to seasonally varying wind-
forcing. geostrophic currents in the North Pacific Subtropical Gyre (i.e.
large-scale CCS) have low seasonal variability. Note that low seasonal
variability along the eastern boundary could be due to unresolved near-
coast variability, e.g. seasonality in upwelling/downwelling and the
spring transition events.

Fig. 5 shows the standardized climatological monthly anomalies, i.e.
climatological monthly anomaly divided by its STD (Wilks, 2005).
Removing the effect of spatially specific dispersion leads to the coherent
structures of the seasonal variability. For example, the NECC
strengthens in October and weakens in April. The CC weakens along the
coast in winter. The Alaska Stream strengthens in April.

Empirical orthogonal function (EOF) analysis (Lorenz, 1956) was
conducted using the acceleration potential anomaly data ̃ψ trˆ ( , )i p to
analyze the non-seasonal variability. The first four EOFs contain 40%,
20%, 12%, and 6% of total variance, respectively, with the higher-order
EOFs being inseparable. Here, the effort was concentrated on analyzing
the first two EOF modes, which together captured 60% of the total non-
seasonal variability. Fig. 6 shows the spatial patterns of first two EOFs
of ψ̂. Fig. 7 depicts the corresponding principal components.

The EOF-1 mode (Fig. 6a) shows a strengthening/weakening CC
pattern with a south-southeastward (north-northwestward) flow during
positive (negative) phase. This mode has a maximum (minimum) of
−0.6 J kg−1 (– 2.1 J kg−1) near 20°N, 162°W (along the Eastern
Boundary). For >PC t( ) 0͠p1 , the spatial variability of AP anomaly shows
a weak south-southeastward flow except at 10°N where an eastward
flow occurs to the east of 144°W. This pattern strengthens the North
Pacific Subtropical Gyre and in turn enhances the CC. For <PC t( ) 0͠p1 ,
the horizontal variability of AP anomaly reverses, which weakens the
North Pacific Subtropical Gyre and reduces the CC. The corresponding
geostrophic velocities can vary as much as 1–2 cm s−1. For region
[144–120°W, 30–50°N] (called the CC upwelling cells by Chhak and Di
Lorenzo (2007)), the condition [ >PC t( ) 0͠p1 ] represents more hor-
izontal entrainment of upper layer water from the north.

The EOF-2 mode (Fig. 6b) shows an offshore/onshore geostrophic
flow pattern from 10°N to 50°N in the Northeast Pacific (except in the
tropics) for positive principal components. The second principal com-
ponent for 1945–2014, PC t( ),͠p2 fluctuated between –1.8 and 1.6
(Fig. 7b). The corresponding contribution of the second EOF to the total
circulation at the intermediate level can be as high as 1 cm s−1 near
10°N to 15°N, 132°W. In its positive (negative) phase, the circulation
patterns of the second EOF mode strengthens (weakens) the offshore
transport in the intermediate layer of the CCS. The depth of the
24.6 kgm−3 layer is 100m close to the shore and deepens toward the
ocean interior.

Strong spikes much higher than the rest of the PCs exist such as for
PC1 in April 1986, September 1987, and May 1989 (Fig. 7). These
spikes appear to be only one time step (i.e. one month). One may
question non-realistic data for these dates (outliers, and/or interpola-
tion issues due to a lack of data points, or some other issue that would
cause the acceleration potential to be very different at these times than
for adjacent months). Fig. 8 shows the acceleration potential (ψ) for

Fig. 6. First two EOFs of monthly anomaly of the acceleration potential (ψ̂, J/
kg) on the 26.4 kgm−3 isopycnal surface referenced to the 1000-dbar level.
Solid isolines are plotted with a 0.2 J kg−1 step; dashed isolines are plotted at
an additional 0.1 J kg−1 step.
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three consecutive months with sharp spikes of PC1 in the central panels.
For April 1986 (Fig. 8, upper central panel), the circulation patterns are
quite similar among the three consecutive months with three-gyre
structure: cyclonic subpolar (Alaska) gyre (north of 43°N), anticyclonic
subtropical (North Pacific) gyre (12°N–43°N), and a weak cyclonic
circulation in the tropical Pacific (5°−10°N). However, an additional
cyclonic gyre strengthened and expanded westward from March to
April 1986 west of Baja California at 20°N – 35°N, and disappeared in
May 1986. For September 1987 (Fig. 8, middle), the subpolar gyre
disappears and in May 1989 (Fig. 8, lower), the subtropical and sub-
polar gyres weaken. Such sudden changes may not be realistic and need
further investigation.

3.2. Time-frequency analysis

Fig. 9a and b show the power spectra of the Morlet wavelets of the
first two PCs of monthly anomaly of the acceleration potential (ψ̂). The
dashed white curves in each figure represent the wavelet cones of in-
fluence (COIs). Signal intensity is weak in the areas under COIs due to
zero-padding. The vertical axes are labeled in Fourier periods (in years)
corresponding to the wavelet scales (not shown). The 95% significance
contours are shown as white solid curves. Interested readers are re-
ferred to Torrence and Compo for detailed information on wavelet
theory and technique. Time varying scale-averaged (3–7 year period)
power of PC1 and PC2 correspond approximately to ENSO (Fig. 9c).
Wavelet power spectra of PC1 and PC2 averaged over the time-period
1960–2014 (Fig. 9d) show evident complex non-seasonal components
(period of 2 years and longer) of the AP field. Leading harmonics and
shifts of energy in both time and frequency domains are described
below.

The main harmonics of PC1 were between 3 and 8 years, roughly
corresponding to the canonical El Niño, and between 12 and 20 years,
mainly related to decadal variability (Fig. 9d, solid black curve). The
two spectral peaks were wide and contained several local maxima. As

shown in Fig. 9a, these peaks occurred during different time-periods:
the main peak corresponds to roughly 1975–1993 and is represented by
an energy ridge (> 40 J2 kg−2) which changed period from 7 to 4 years
between 1978 and 1991. Between 1985 and 2003, a prevailing har-
monic occurred at periods of about 7 years.

From Fig. 9c, the variability at canonical ENSO frequencies was
modulated strongly at multi-decadal scales, with two significant regime
shifts in PC1, in the mid-1970s and 1995. The period between the two
shifts was characterized by highly energetic variability at the inter-
mediate depths corresponding to ENSO. The mid-1970s shift from the
PDO “cool” phase (pre mid-1970s) to the PDO “warm” phase has been
found for the variability at the ocean surface (Bond et al., 2003; Chhak
et al., 2007), and the CCS upwelling cells (Chhak and Lorenzo, 2007).
However, stochastic forcing at scales not necessarily associated with
PDO cause the shift in the Northeast Pacific ecosystem in late 1990
(Bond et al., 2003). The data don’t resolve whether the later shift ob-
served in the non-seasonal variability of the intermediate layer of the
Northeast Pacific is the same as that studied by Bond et al. (2003),
which was based on the surface oceanographic conditions and atmo-
spheric patterns.

Several regime shifts are also evident in the time-frequency domain
for PC2 (Fig. 9b, and the black dotted line in Fig. 9c), as well as two
frequency peaks in the global wavelet power spectrum (Fig. 9d). Unlike
the wide peaks of PC1, the most energetic frequency bands of PC2 were
rather narrow, and corresponded to periods between 3 and 4 years, and
9–14 years (decadal scales). The 3–4 year harmonic was modulated by
15–20 year oscillations. The time-period between 1960 and the late
1970s was characterized by the narrowband (4-year period) maximum
in the late 1960s. The second maximum was observed in 1985–1990,
was more energetic, and occupied a wider band from 4 to 2.5 year
period. Similar to PC1, the period after 2000 was characterized by ra-
ther low energy. The second main harmonic of PC2 was represented by
robust near-decadal oscillations, decreasing from a period of 12 years in
1970s to a period of 10 years in 2000s.

Fig. 7. First two PCs of monthly anomaly of the acceleration potential (ψ̂) on the 26.4 kgm−3 isopycnal surface referenced to 1000-dbar surface. Shaded areas in the
upper and lower panels correspond to known El Niño Modoki (light-gray areas) and regular El Niño (dark-gray areas) events.
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3.3. Correlation analysis

Correlation coefficients were calculated after smoothing the
monthly time-series of (PC1, PC2) by a running average with windows
ranging from 1 month to 4 years. Different lags were also used ranging
from 0 to 24 months with a time step of 1 month. Degrees of freedom
for confidence intervals were calculated from the integral time scales
according to Sciremammano (1979) (see subsection 2.5). Only those
correlations which are statistically significant at the 95% confidence
level are reported here. Since the lags and the appropriate smoothing
windows were determined iteratively, no correlation exists if the cor-
relation coefficients oscillated between positive and negative for

changing lag and window size. As a result, no correlations were found
between any of PCs and the NPGO index.

A negative correlation coefficient (–0.57) was found between PC1
(one-year lag) and the PDO index using the 3-year running average. It
implies that the PDO affects the CCS with a one-year delay. PC2 had
statistically significant correlations with both the PDO ( =r –0.47 at 5-
months lag using the 3-year running average), and MEI ( =r –0.42 at one-
year lag and 3-year running average). No significant correlations were
found between PC2 and either EMI or SOI. While not significant, the
calculated correlation coefficients were still much higher than those
calculated for similar PCs at the deeper 26.9 and 26.7 kgm−3 isopycnal
surfaces (not shown).

Fig. 8. Monthly acceleration potential (ψ, unit: J kg−1) on the 26.4 kgm−3 isopycnal surface referenced to the 1000-dbar level for three consecutive months. Central
panels of each row correspond to the sharp spikes in PC1 in Fig. 7: March – May 1986 (upper panels), August-October 1987 (middle panels), and April – June 1989
(lower panels).
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4. Conclusions

This is the first observational study to investigate the spatial and
temporal (seasonal/interannual/decadal) variability of the CCS system
as represented by the acceleration potential and its relationship to the
large-scale climatological indices such as the EMI and PDO using a
recently developed SMG-WOD (T, S) dataset. Unlike many other stu-
dies, the focus of this paper is on the intermediate layer of the ocean,
between 100 and 400m, and its connection to the non-seasonal varia-
bility at the ocean surface. The composite, EOF, wavelet, and correla-
tion analyses were used.

The total-time mean acceleration potential field is identified as two
major gyres: the cyclonic Alaska Gyre (to the north of 43°N), antic-
yclonic North Pacific Subtropical Gyre (12°N–43°N), as well as a weak
cyclonic circulation in the tropical region (0°−12°N). Such a pattern
agrees well with earlier studies (e.g. Castro et al., 2001; Kawabe and
Fujio, 2010). Weak seasonal variability of the acceleration potential
was identified but the monthly anomaly was an order of magnitude
smaller than the climatological time mean.

An EOF analysis was conducted to analyze the monthly anomaly of
the acceleration potential. The EOF-1 (40% variance) represents

strengthening/weakening of the North Pacific Gyre and in turn
strengthening/weakening the California Current. The EOF-2 (20%
variance) represented onshore/offshore geostrophic flow. The first
principal component was negatively correlated to the PDO; the second
principal component was negatively correlated to both PDO and MEI.

The spectral contents of the principal components of the non-sea-
sonal variability of the acceleration potential in time-frequency domain
were obtained using the Morlet wavelet transform. The connection
between the temporal variability of climate indices and the CCS was
identified. Strengthening/weakening of the California Currents (i.e.,
represented by EOF-1) is phase-locked to the ENSO event and seasonal
cycles.
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Appendix A. Optimal Spectral Decomposition

A new ocean spectral data analysis/assimilation scheme, the optimal spectral decomposition (OSD), has been recently developed to analyze
ocean observational data without background and observational error covariance matrices (Chu et al., 2015, 2016). Let the position vector r=(x, y,

Fig. 9. Morlet wavelet transform of the first two filtered PCs of monthly anomaly of the acceleration potential (ψ̂) on the 26.4 kgm−3 isopycnal surface referenced to
1000-dbar surface: (a) and (b) are the wavelet power spectrum distributions for filtered PC1 and PC2, respectively. The white dashed lines are the wavelet cones of
influence (COI). (c) is the PC variance averaged over the 3–7 year periods. (d) is the global wavelet power spectrum.
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z) be represented by rn (n=1, 2, …, N) at a grid point, and r(m) (m = 1, 2, …, M) at an observational point. Here, N is the total number of the grid
points, and M is the total number of observational points. Let an ocean variable be represented by a vector c with background field (cb) (at grid
points) and observational data (co) (at observational points) can be represented by N and M dimensional vectors,

= =c c c c c cc r r r c r r r[ ( ), ( ), ..., ( )], [ ( ), ( ), ..., ( )],b
T

b b b N o
T

o o o
M

1 2
(1) (2) ( ) (A1)

where the superscript T means transpose. Let H =[hmn] be the M×N linear observation operator matrix converting the background field cb (at the
grid points, rn) into “first guess observations” at the observational points r(m). The M-dimensional vector

≡ − = d d dd c Hc( ) ( , , ..., ),o b
M(1) (2) ( ) (A2)

is defined as the innovation (also called the observational increment) at the observational points r(m).
Existence of a lateral boundary (Г) for an ocean domain (Ω) provides a great opportunity to use a spectral method in ocean data analysis and

assimilation through decomposing the variable anomaly at the grid points [ca(rn) - cb(rn)] into the spectral form,

∑ ∑− = ≡ ≡
= =

c c f s s a ϕ f hr r r r r( ) ( ) ( ), ( ) ( ),a n b n n K n K n
k

K

k k n n
m

M

nm
1 1 (A3)

where {ϕk} are basis functions; and K is the mode truncation. The analysis error (i.e. analysis ca versus “truth” ct) is given by

= +
= − = −

ε ε ε
ε s D ε c c

r r r
r r r r r r
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where D(rn) represents the observational innovation at the grid points,

≡ =
∑ =D D

h d
f
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m
M

nm
m

n

1
( )

(A5)

ε r( )K n is the truncation error; and ε r( )o n is the observational error.
The eigenvectors of the Laplace operator with the same lateral boundary condition of (c – cb) can be used as the basis functions {ϕk}. With the

spectrum (A3), the representation of the relation between the observed and grid points has been changed from the M ×N background error
covariance matrix B (a posteriori) to the K ×N basis function matrix Φ (a priori),
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This spectral method has been proven effective for the ocean data analysis (Chu et al., 2016). Application of the generalized Fourier series
expansion (A3) to the observational points with P as the total number of observations leads to an algebraic equation

=Aa QY. (A7)

where a =(a1, a2, …, aK), is the state vector (K-dimensional); A is a P × K matrix; Q is a P × P square matrix (P > K); Y is a P-dimensional
observation vector, consisting of a signal Y and a noise Y’. Due to the high level of noise contained in the observations, the algebraic Eq. (A7) is ill-
posed and needs to be solved by a rotation matrix regularization method (Chu et al., 2004) that provides: (a) stability (robustness) even for noisy
data, and (b) the ability to filter out errors with a-priori unknown statistics. Interested readers are referred to Chu et al. (2003a, 2003b, 2004, 2015,
2016).
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